The effect of aerosol vertical profiles on satellite-estimated surface particle sulfate concentrations" (2011 The aerosol vertical distribution is an important factor in determining the relationship between satellite retrieved aerosol optical depth (AOD) and ground-level fine particle pollution concentrations. We evaluate how aerosol profiles measured by ground-based lidar and simulated by models can help improve the association between AOD retrieved by the Multi-angle Imaging Spectroradiometer (MISR) and fine particle sulfate (SO4) concentrations using matched data at two lidar sites. At the Goddard Space Flight Center (GSFC) site, both lidar and model aerosol profiles marginally improve the association between SO4 concentrations and MISR fractional AODs, as the correlation coefficient between cross-validation (CV) and observed SO4 concentrations changes from 0.87 for the no-scaling model to 0.88 for models scaled with aerosol vertical profiles. At the GSFC site, a large amount of urban aerosols resides in the well-mixed boundary layer so the column fractional AODs are already excellent indicators of ground-level particle pollution. In contrast, at the Atmospheric Radiation Measurement Program (ARM) site with relatively low aerosol loadings, scaling substantially improves model performance. The correlation coefficient between CV and observed SO4 concentrations is increased from 0.58 for the no-scaling model to 0.76 in the GEOS-Chem scaling model, and the model bias is reduced from 17% to 9%. In summary, despite the inaccuracy due to the coarse horizontal resolution and the challenges of simulating turbulent mixing in the boundary layer, GEOS-Chem simulated aerosol profiles can still improve methods for estimating surface aerosol (SO4) mass from satellite-based AODs, particularly in rural areas where aerosols in the free troposphere and any long-range transport of aerosols can significantly contribute to the column AOD.
Introduction
In addition to providing extensive impacts on our climate and environment (Kaufman et al., 2002) , ambient aerosols can bring adverse effects on public health. Epidemiologic studies around the world have found strong links between chronic exposure to PM 2.5 (particulate matter with aerodynamic diameter less than 2.5 μm) and increased respiratory and cardiovascular morbidity and mortality (Pope & Dockery, 2006) . As one of the major constituents of PM 2.5 , sulfate (SO4) has been also linked to adverse health impacts (Willis et al., 2003) . Studying the impacts of SO4 as well as other PM 2.5 constituents on human health is important in determining air quality standards and control policies for PM 2.5 . Current ground monitoring networks in the United States such as the Chemical Speciation Network (CSN) operated by the U.S. Environmental Protection Agency (EPA) and the Interagency Monitoring of Protected Visual Environments (IMPROVE) network do not have sufficient spatial coverage to study the long-range transport and regional spatial patterns of SO4.
The Multi-angle Imaging Spectroradiometer (MISR) aboard the Terra satellite can distinguish particles based on size, shape and single scattering albedo (Kahn et al., 2001) . MISR-retrieved aerosol optical depth (AOD) and aerosol microphysical properties have been used to develop statistical models to estimate ground-level PM 2.5 concentrations (Liu et al., 2007a,b) . Previous research showed that the aerosol vertical distribution is an important source of uncertainty impacting the relationship between AOD and PM 2.5 (Liu et al., 2009) . Aerosol vertical profiles can be simulated by atmospheric chemical transport models or measured by spaceborne, airborne, or ground lidars . Model-simulated aerosol profiles such as those from the GEOS-Chem model have complete temporal and spatial coverage, and have been shown to substantially strengthen the association between MISR AOD and SO4 concentrations Remote Sensing of Environment 115 (2011) 508-513 (Liu et al., 2009 ). However, the horizontal resolution of GEOS-Chem is 100-200 km, much coarser than that of the MISR product (17.6 km). A few studies have explored the value of ground-based lidar data in improving the correlation between satellite AOD and PM 2.5 (Engel-Cox et al., 2006) . Although a well-calibrated ground-based lidar can provide accurate aerosol profiles with high temporal and vertical resolutions, it does not have the spatial coverage necessary to support regional scale studies.
In this analysis, we compare the capabilities of ground-based lidar and model-simulated aerosol vertical profiles in improving the AOD-SO4 association. We first compare GEOS-Chem simulated aerosol profiles with matched lidar aerosol profiles at two lidar sites. Then both profiles are used in a statistical model together with MISR AOD to estimate ground-level SO4 concentrations. A description of data and methods is given in Section 2, the results of profile comparison, statistical analysis and discussion are given in Section 3, and conclusions are presented in Section 4.
Data and method

Data processing
MISR data, GEOS-Chem aerosol profiles, and ground-based SO4 measurements must be matched to lidar sites to ensure accurate comparisons and to develop the statistical models. The Micro-Pulse Lidar Network (MPLNET) of the National Aeronautics and Space Administration (NASA) is a federated network of lidar systems designed to continuously measure long-term aerosols and clouds vertical structures . Constrained by coincident AOD measurements, an MPL can estimate aerosol extinction profiles every 20 min at 523 nm wavelength with a vertical resolution of 75 m during daytime in cloud-free conditions . The Level 1.5a aerosol extinction profiles measured at the Goddard Space Flight Center (GSFC) site (39.016 N, 76.867 W) from 2001 to 2007 were collected for this study. The GSFC site is located in the densely populated Washington D.C. area with high PM 2.5 pollution levels (Fig. 1) . The Raman lidar at the Atmospheric Radiation Measurement Program (ARM) Southern Great Plains (SGP) site (36.609 N, 97.487 W) , is a fully automated lidar system designed for continuous profiling of atmospheric water vapor, clouds and aerosols. The ARM Raman lidar is surrounded by the cattle pasture and wheat fields southeast of Lamont, Oklahoma with flat terrain, large seasonal weather variations and no major local emission sources. Measurements from this lidar are used to determine the aerosol vertical distribution for a rural background location (Fig. 1) . The ARM lidar operates at a wavelength of 355 nm and measures backscatter profiles in 10 separate detection channels. Prior to a major system upgrade in 2004 , aerosol extinction profiles at 355 nm were recorded at 10 min frequency and 39 m vertical resolution. After 2004, the resolutions were improved to 10 min and 15 m . In addition, positive values greater than 0.4 km −1 in the extinction profiles were removed to prevent outliers from entering the modeling process (Schmid et al., 2009 (Diner et al., 2002) . These data are most sensitive to particles in a diameter range of 0.05 to 2 μm (Kahn et al., 1998) , corresponding to the size range of PM 2.5 . Eight approximately orthogonal aerosol components are predefined to construct 74 aerosol mixtures. MISR fractional AOD values of these components, each of which is defined as the average contribution of a component to total AOD in all successful aerosol mixtures identified by the MISR aerosol retrieval algorithm, contain more information of the ambient aerosol speciation than the total AOD, and they can be used as individual predictors of PM 2.5 and its major constituents (Liu et al., 2007a) .
The GEOS-Chem model is a global 3-D chemistry and transport model (CTM) driven by assimilated meteorological observations from the Goddard Earth Observing System (GEOS) at the NASA Global Modeling and Assimilation Office (GMAO) (Bey et al., 2001) . GEOS-Chem can simulate the mass loadings of all major aerosol species at 3-h intervals and 2°× 2.5°horizontal resolution or higher. Depending on the version of the meteorological data (e.g., GEOS-4 or GEOS-5 in the current analysis), the simulations can be conducted at 20 or 37 vertical layers in the troposphere. GEOS-Chem AOD profiles are calculated from the simulated aerosol dry mass concentrations, and particle growth with increased relative humidity is also taken into account. Because the majority of aerosol mass resides in the lower troposphere, the lidar backscattered signals from the upper troposphere (more than 7-8 km above the surface) often contain little aerosol information and may have more uncertainties due to the solar background. According to Welton et al. (2002) and Campbell et al. (2002) , we set an altitude of 8 km as the upper altitude limit for both lidars, and used only the extinction profiles below this altitude to scale the MISR column AOD. For consistency, this altitude limit is also applied to GEOS-Chem AOD profiles, which corresponds to the lower 10 layers for GEOS-4 and 27 layers for GEOS-5. The aerosol contribution above 8 km to column AOD is on average~3% at the GSFC site and~5% at the ARM site based on GEOS-Chem simulation results. Therefore, discarding the aerosol loading above 8 km will have a minimal impact on the analysis. Since our goal is to evaluate whether the horizontal and vertical resolutions of aerosol profiles have a significant impact on the AOD-SO4 association, we average the lidar aerosol profiles to match GEOS-Chem vertical layers.
Model development
In previous studies (Liu et al., 2004 (Liu et al., , 2009 van Donkelaar et al., 2006) , GEOS-Chem simulated profiles have successfully improved the AOD-PM 2.5 correlation at continental to global scales. To take advantage of MISR's ability to distinguish particle species, fractional AODs are calculated using MISR aerosol component and mixture information as described in Liu et al. (2007a) . Both GEOS-Chem and lidar aerosol profiles are used to calculate the planetary boundary layer (PBL) portion of the fractional AODs (Eq. (1)). We define the PBL AOD proportion as the ratio of AOD below GEOS-Chem daytime boundary layer height (on average 1.1 km above the ground at both lidar sites) to total AOD (i.e., from surface to 8 km altitude) for both GEOS-Chem and lidar aerosol profiles. We use these proportions to scale MISR column fractional AODs before developing the statistical models to estimate SO4 concentrations.
The approximately orthogonal design of the eight MISR aerosol components enables us to include their fractional AODs as individual predictors in statistical models, which perform better than using total AOD as the sole predictor in estimating PM 2.5 speciation concentrations (Liu et al., 2007a,b) . A generalized additive model (GAM) is developed for each scaling method (i.e., using lidar aerosol profiles to calculate MISR PBL fractional AODs based on Eq. (1) versus using GEOS-Chem aerosol profiles) at each site, with a general model structure shown in Eq. (2). A GAM expands the capability of traditional linear regression by allowing some or all predictor variables to have non-linear relationships with the dependent variable by using semiparametric spline smoothers (Wood, 2004) . A previous comparison between a GAM and a linear regression model over the whole continental U.S. shows the higher accuracy and stability of GAM in estimating SO4 concentrations (Liu et al., 2009) . The left hand side of Eq. (2) (i.e., the dependent variable) is daily SO4 concentrations. On the right hand side, α is the overall model intercept, and f i 's are smooth terms for MISR fractional AODs in the PBL. As the reference, a similar GAM is also developed with column MISR fractional AODs as predictor variables. Final models are selected to include variables with a p-value less than 0.20. We validated our model using the k-fold cross-validation (CV) technique. In particular, after deciding which of the predictors to include in the final model using the whole dataset, we sequentially retained approximately 10% of the data (randomly selected) as the testing dataset, fitted the model to the remaining data, and then made predictions of daily SO4 concentrations at the testing dataset. Given the small sample sizes, we repeated the k-fold CV process 100 times and calculated the mean CV estimated SO4 concentrations to be compared with the observed SO4 concentrations. We estimated the model prediction precision by taking the square root of the mean squared CV prediction errors.
3. Result and discussion Fig. 2 shows similar patterns of monthly mean AOD values expressed as the percentage of annual mean AOD values at the lidar sites. Both sites have the highest monthly AOD in July and August (170-180% of annual mean at the GSFC site, and 150% at the ARM site). The lowest monthly AOD occurs in January and February (42% and 50% of annual mean respectively) at the GSFC site and in December and January (both 57% of annual mean) at the ARM SGP site. The slightly greater monthly AOD fluctuation at the GSFC site is probably caused by the stronger emissions locally and in surrounding densely populated areas.
Comparison of aerosol profiles
Lidar aerosol profiles have much higher vertical resolutions than the GEOS-Chem model simulations, and GEOS-Chem and lidar extinction coefficients have systematic deviations due to their different wavelengths (ARM SGP Raman lidar at 355 nm, GSFC lidar at 532 nm, and GEOS-Chem simulations at 550 nm). To facilitate the comparison, we integrated the lidar extinction coefficients to calculate lidar AOD values in each GEOS-Chem model layer. Model fitting results for the GAMs with MISR PBL fractional AODs scaled by GEOS-Chem PM 2.5 extinction profiles (instead of by SO4 extinction profiles) are shown since preliminary analysis shows that they perform better. Fig. 3 shows the annual mean normalized GEOSChem and lidar aerosol profiles at both sites plotted on GEOS-4 vertical layers (results on GEOS-5 vertical layers are very similar, therefore not shown here). Normalization with column AOD (i.e., below 8 km altitude) was done so that the AOD values of all layers sum to unity. This process helps emphasize the comparison of the shape of aerosol vertical distributions and reduces the difference in AOD values due to wavelength differences. At the GSFC site, simulated aerosol profiles agree well with lidar measurements in the free troposphere above~4 km. Notable differences appear in the lower atmospheric layers, where the lidar profile has its largest AOD contributions between 1 and 2 km altitude while model simulation has its largest AOD contributions between surface and 1 km altitude. At the ARM SGP site, the Raman lidar consistently observes larger AOD contributions between approximately 1.5 km and 6 km altitude. Simulated aerosol extinction coefficients decrease with altitude more rapidly than the lidar measurements, resulting in larger AOD contributions in layers below 1 km. Both the observed and simulated AOD profiles peak near 1 km altitude. Analysis of the extinction coefficients shows that lidar observes a well-mixed boundary layer below 2 km altitude with relatively uniform extinction coefficients. This phenomenon has been reported in previous lidar studies (Schmid et al., 2009) . The version of GEOS-Chem used for this study assumes that all surface emissions are fully mixed within the PBL at each simulation time step (Lin & McElroy, 2010) , which can be substantially shallower than 1 km during the early hours of the day. This might cause the simulated aerosol extinction coefficients to peak at the bottom layer and decrease rapidly with altitude, resulting in a larger AOD contribution near the surface. The day-to-day fluctuation of AOD contributions at this altitude range measured by the standard deviation of daily normalized AOD values (shown as horizontal error bars at the center of each layer in Fig. 3) is much wider at the ARM SGP site than at the GSFC site, which likely shows the relatively large influence of high-altitude transport events on total aerosol loading in clean rural areas.
The average PBL AOD proportions according to Eq. (1) are similar for the lidar and model at both sites. At the GSFC site, it is 0.61 ± 0.23 measured by lidar, and 0.62 ± 0.15 estimated by GEOS-Chem (N = 1007 for all lidar profiles matched with GEOS-Chem simulation results). At the ARM site, it is 0.50 ± 0.26 by lidar and 0.55 ± 0.17 by GEOS-Chem (N = 1171). Seasonally, both sites have the highest PBL AOD proportion in the fall and winter (0.68 ± 0.13 at GSFC, and 0.62 ± 0.14 at ARM), and lowest in the spring (0.52 ± 0.12 at GSFC and 0.46 ± 0.13 at ARM). To assess the day-to-day difference between the two lidar aerosol profiles, we calculated the relative differences between the lidar observed and GEOS-Chem simulated PBL AOD fractions as:
The median relative difference is 24% at the GSFC site, and 36.5% at the ARM site. These discrepancies could be partially attributed to the much coarser GEOS-Chem modeling grid which has limited capabilities to resolve the temporal fluctuation of aerosol loadings at a finer (sub-grid) spatial scale observed by lidar as well as the full boundary layer mixing assumption of the model (Lin & McElroy, 2010) .
Effects of aerosol vertical profiles on GAM performance
There are 76 data records at the GSFC site after matching MISR aerosol data with EPA observations and lidar data (GEOS-Chem simulated aerosol profiles have complete temporal coverage), with more records in the fall (28) and fewer records in the winter (10). Table 1 provides a summary of model fitting statistics. The correlation coefficient between the mean CV predicted (i.e., averaged over 100 repetitions) and the observed SO4 concentrations ranges from 0.87 (no scaling) to 0.88 (both lidar scaling and GEOS-Chem scaling). The average root mean square prediction error (RMSPE) ranges from 2.8 μg/m 3 (no scaling) to 3.2 μg/m 3 (lidar scaling). Fig. 4 shows that mean CV predicted SO4 concentrations using the GEOS-Chem scaling method have a smaller overall bias as measured by the linear regression slope (5%) as compared to the no-scaling method (8%) and lidar scaling method (6%). All three models can predict annual mean SO4 concentrations accurately. The mean CV predicted SO4 concentrations are 5.1 μg/m 3 , 5.3 μg/m 3 , and 5.0 μg/m 3 , for the no scaling, lidar scaling, and GEOS-Chem scaling methods, respectively. As a comparison, the mean observed SO4 concentration is 5.0 μg/m 3 . Comparing with the no-scaling approach, both lidar and model aerosol profiles provide marginal improvements, with the model aerosol profiles performing slightly better. This finding holds true even when the two highest SO4 concentrations are excluded.
There are 54 data records at the ARM SGP site after the matching process, with more data records in the fall (19) and fewer records in the winter (6). The correlation coefficients between the mean CV predicted and the observed SO4 concentrations are 0.60 (no scaling), 0.65 (lidar scaling), and 0.59 (GEOS-Chem scaling). The average RMSPEs of all three models are very similar (1.6-1.7 μg/m 3 , Table 1 ). When compared with the CV results, the three GAMs have an average of approximately 17% low bias. All three models can predict annual mean SO4 concentrations accurately. The mean CV predicted SO4 concentrations are 2.9 μg/m 3 , 2.8 μg/m 3 , and 2.8 μg/m 3 , for the no scaling, lidar scaling, and GEOS-Chem scaling methods, respectively. As a comparison, the mean observed SO4 concentration is 2.9 μg/m 3 . The lidar and model aerosol profiles do not seem to improve the correlation between CV predicted and observed SO4 concentrations. It should be noted that the smaller sample size at the ARM site is not sufficient to support a full GAM with sufficient smoothness settings for the predictor variables, hence restrains model predicting power. Relaxing the matching criteria to include all matched MISR/EPA/ GEOS-Chem data in all years results in a larger dataset (N = 136) with a more balanced temporal coverage (41 data records in the fall, and 29 in the winter). As shown in Fig. 5 (center and right plots) , scaling substantially improves model performance. The correlation coefficient between the CV predicted and the observed SO4 concentrations increases from 0.58 in the no-scaling model to 0.76 in the GEOS-Chem scaling model. Model bias is reduced from 17% to 9%. The average root mean square prediction error (RMSPE) drops from 1.6 μg/m 3 to 1.4 μg/m 3 ( Table 1 ).
The factors that can affect the AOD-PM association have been discussed in detail elsewhere (Liu et al., 2005) . Our discussion here focuses on the different effects of aerosol vertical profiles observed at the two lidar sites. The densely populated DC-Maryland region is known to have a high level of SO4 pollution due to local emissions and substantial long-range transport from the Ohio River Valley (ORV) through southern Pennsylvania. Back trajectory analysis shows that most trajectory ensembles descend from around 2 km at the ORV over the course of three days, and encounter the daytime boundary layer in the Baltimore region (Fairlie et al., 2009) . SO4 concentration in the free troposphere is low most of the time at the GSFC site without a significant temporal fluctuation as confirmed by the low normalized AOD values and the small standard deviation above 4 km altitude in Fig. 3 . The average SO4 concentration in the fully matched GSFC dataset is 4.9 μg/m 3 , much higher than the ARM site (2.9 μg/m 3 ).
Albeit the large temporal variation of aerosol loadings, the dominance of sulfate particles trapped in a well-mixed boundary layer provides the ideal condition for AOD to be an effective predictor of groundlevel SO4 concentrations. In fact, our analysis shows that the total column MISR AOD is highly correlated with SO4 concentrations (r = 0.81). Therefore, observed or modeled aerosol vertical profiles can only provide limited improvement to the AOD-SO4 association at this location. In contrast, the ARM SGP site is a rural site without any major emission sources nearby, and the average SO4 concentration is substantially lower than the GSFC site. The much larger standard deviation in the free troposphere portion of the mean aerosol profile at the ARM SGP site shown in Fig. 3 suggests the impact of the longrange transport event (such as sporadic transport of smoke particles from Yucatan Peninsula in each Spring (Wang et al., 2006) ) that may influence the particle loading at the ground level. Therefore, calculating the PBL portion of fractional AODs using aerosol vertical profiles is an effective method of strengthening the AOD-SO4 association.
Conclusion
We match ground-based lidar aerosol vertical profiles with GEOSChem simulated aerosol profiles, MISR retrieved aerosol microphysical properties, and EPA SO4 concentration measurements at the GSFC and ARM lidar sites. Statistical models are developed to evaluate the improvement brought by aerosol profiles to MISR's capabilities of predicting ground-level SO4 concentrations. In general, there is a reasonable agreement between average normalized GEOS-Chem and lidar AOD profiles while their differences are larger at the daily level. At both sites, MISR fractional AODs are highly significant predictors of surface SO4 concentrations with less prediction bias at the GSFC site than at the ARM site. At the GSFC site, aerosol profiles only marginally improve the AOD-SO4 association as column AOD is already an excellent indicator of ground-level particle pollution. Despite the inaccuracy caused by the coarse horizontal resolution and imperfect emissions assumptions in the GEOS-Chem model, GEOS-Chem aerosol profiles can still substantially enhance the predicting power of our statistical models and reduce the overall model bias at the ARM site. Data matching results in a dataset too small to fit a full GAM using lidar data. As a result, we are unable to directly evaluate the effectiveness of the more accurate lidar aerosol profiles in improving MISR's capability to estimate SO4 concentrations. To obtain a larger dataset with more diverse aerosol profiles, future research may take advantage of aerosol profiles retrieved by the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) and align them with the Moderate Resolution Imaging Spectroradiometer (MODIS) AOD data. 
